The relationship between promoter proximal transcription factor-associated gene expression and super-enhancer-driven transcriptional programs are not well defined. However, their distinct genomic occupancy suggests a mechanism for specific and separable gene control. We explored the transcriptional and functional interrelationship between E2F transcription factors and BET transcriptional co-activators in multiple myeloma. We found that the transcription factor E2F1 and
INTRODUCTION
The transcription of cell-cycle regulators is tightly controlled to ensure cellular fidelity: uncontrolled cell division emanating from deregulated and sustained proliferative signaling is a central hallmark of tumorigenesis (Hanahan and Weinberg, 2011) . Chemotherapies that specifically target cell-cycle processes are effective anti-proliferative agents but fail to discriminate between tumor and normal proliferating cells (Johnstone et al., 2002) . The adverse toxicity of chemotherapies necessitates targeted approaches to halt tumor cell proliferation. Here, advances in the selective inhibition of oncogenic growth factor signal transduction have proved highly effective, especially in tumors driven by deregulated growth factor signaling including lung and breast cancers (Downward, 2003; Paez et al., 2004) .
Unfortunately, resistance to both cytotoxic and targeted anti-proliferative therapies occurs commonly in metastatic tumors through adaptations that engage multiply redundant pathways converging on activation of master transcriptional regulators of growth and proliferation in the nucleus (Mellinghoff and Sawyers, 2002) .
Multiple myeloma (MM) is a complex plasma cell malignancy driven by numerous genetic and epigenetic alterations that are acquired over time. Despite the advent of new drugs, relapse and refractory disease occurs in the vast majority of cases (Landgren and Iskander, 2017; Palumbo and Anderson, 2011) highlighting the need for novel therapeutic approaches. As in most malignancies, pathogenesis of MM is associated with deregulated expression and function of multiple key cellular genes controlling apoptosis, cell growth, and proliferation; therefore, targeting the transcriptional regulators of growth and proliferation represents an appealing option in this disease.
In mammalian cells, the E2F family of transcription factors (TFs) are master regulators of proliferation and drive the programmatic expression of genes required for cell-cycle progression (Müller and Helin, 2000) . The multiple E2F proteins constitute a complicated regulatory network with diversified functions (Trimarchi and Lees, 2002) , and their transcriptional output is the cumulative effect of the different family members that mediate both activator and repressor functions. Increased E2F activity is a common theme in MM pathogenesis as evidenced by common reciprocal translocations of the IgH enhancer to the E2F upstream activator cyclin D (CCND1, 2, 3) (Egan et al., 2012) .
More commonly, E2F deregulation in cancer occurs through loss-of-function mutations to the RB family of pocket proteins (RB, p107, and p130) (Nevins, 2001; Sherr and McCormick, 2002) . During G1, the activating E2F members (E2F1, E2F2, and E2F3a) are bound at target gene promoters in an inactive complex with their dimerization partner (DP1 or DP2) and the inhibitory RB complex (Weinberg, 1995) . RB proteins act as a molecular scaffold, binding directly to E2F proteins and suppressing target gene transcription through the recruitment of chromatin modifier proteins and remodeling factors.
Recently, Liu et al. (2015) described RB loss contributing to the re-localization of E2F and MYC TFs at genes that are deregulated in RB mutant cells, providing a molecular mechanism by which E2F TFs may be "repurposed" and become essential in tumor cells with RB-and other tumor-suppressor-inactivating events. The idea that E2F function is essential for the control of cell proliferation has dominated several decades of experimentation (Wu et al., 2001) . Incompatible with this view is the fact that mice deficient for individual or a combination of E2F genes do not have widespread defects in cell proliferation; on the other hand, E2F transgenic mice develop various tumors, and overexpression and/or amplification of E2F1 and/or additional E2F-activating members has been observed in different human cancers (Chen et al., 2009; Kent et al., 2017; Lee et al., 2010; Sharma et al., 2010) . Taken together, these results suggest a differential requirement for E2Fs in the control of cell proliferation in oncogenic compared with normal environments.
Moreover, these studies establish MYC as a functional collaborator of E2F in addition to acting as an upstream activator. Indeed, chromatin immunoprecipitation (ChIP) experiments that examined the genome-wide distribution of E2Fs and proteins involved in the MYC network described a very close association between E2F and MYC binding sites and their target genes (Chen et al., 2008) . MYC regulates E2F expression, and together they couple growth and proliferative gene expression programs by binding to the promoters of and driving many so-called "housekeeping" genes responsible for growth, metabolic, and biogenic functions (Secombe et al., 2004) .
Despite recent findings that E2F may be required for tumor cell but not normal cell proliferation, the therapeutic targeting of E2F transcriptional activity has been minimally explored. Inhibition of E2F activity is often an indirect consequence of anti-proliferative agents that reengage cell-cycle check-point apparatuses. Consequently, mutations that remove these tumor suppressors occur frequently in relapsed and refractory disease (e.g., p53) (Lowe et al., 1994) . Direct targeting of E2F is further complicated by the multiple redundant E2F family members capable of rescuing loss of any individual factor. For instance, E2F1 −/− mice are viable, though they exhibit hyper-proliferation in the thyroid and deficiencies in gut epithelium proliferation and neurogenesis (Cooper-Kuhn et al., 2002; Field et al., 1996) . Curiously, mice lacking DP1, the dimerization partner of all E2F TFs, are viable provided that DP1 is expressed in the extra-embryonic compartment (Kohn et al., 2003; Kohn et al., 2004) . These observations suggest that cell proliferation can occur during development in the context of E2F deficiency thus potentiating a therapeutic window for targeted inhibition in cancer.
Here, we demonstrate that E2F1 and its heterodimerization partner DP1 are required for MM tumor growth. Integration of E2F1 and DP1 genome-wide profiling into the MM epigenome landscape reveals two non-overlapping regulatory axes controlled by promoterand enhancer-driven processes, governing distinct biological functions. E2F is predominantly localized at the promoter of growth/proliferation genes, while BETs are disproportionately localized at enhancer-regulated tissue-specific genes. Dual chemical inhibition of E2F and BETs displays a superior activity against MM cell growth and viability both in vitro and in vivo compared to single perturbation alone. These data implicate that targeting these two non-overlapping vulnerabilities may provide important molecular mechanism for combination therapies in myeloma as well other malignancies.
RESULTS

E2F1 and DP1 Are Required for MM Growth and Proliferation
To determine the role of E2F in MM growth and proliferation, we perturbed E2F1 and DP1 in a panel of MM cell lines that all detectably express both genes ( Figure S1A ). Steady-state depletion of E2F1 or DP1 effectively inhibited cell proliferation in MM1.S cell line (Figures 1A and S1B) and across 8 different cell lines independent of their genetic background ( Figures 1B and S1C) . We confirmed the growth inhibitory effects of E2F/DP1 knockdown in 4 different MM cell lines using a 2D colony formation assay ( Figures 1C and S1D) . Cellcycle analysis of E2F1 or DP1-depleted cells revealed an increase in G1 phase population indicative of cell-cycle arrest ( Figure 1D ) and subsequent apoptosis ( Figure S1E ).
Conversely, overexpression of E2F1 increased proliferation rates in MM ( Figure S1F ), establishing a dose-dependent relationship between E2F activity and MM proliferation. To investigate the impact of E2F1 and DP1 depletion in normal cells, we performed similar knockdowns in normal peripheral blood mononuclear cells (PBMCs). The level of E2F knockdown was limited in PBMCs, but a significant DP1 knockdown had minimal impact on viability of PBMCs while having significant impact on MM1.S cell line used as positive control ( Figure S1G ) suggesting a MM-specific vulnerability to DP1 perturbation.
To investigate whether E2F1 or DP1 levels functionally impact in vivo tumor growth, we performed mouse xenograft studies with MM1.S cells stably expressing small hairpin RNAs(shRNAs) targeting either E2F1 or DP1. Depletion of either E2F1 or DP1 resulted in significant reduction in tumor growth over 9 weeks when compared to control cells ( Figure  S1H ).
We have additionally transduced MM1.S cells with 4 different conditional E2F1 shRNAs to perform inducible E2F1 depletion in vitro and in vivo. The cells with most significant reduction in E2F1 protein following induction with doxycycline (pTRIPZ #46, #94, #98) showed the greatest inhibition of cell growth compared to scrambled cells ( Figure 1E ). Decreased E2F1 expression was also accompanied by a decrease in number of cells in the S phase and an increase in cells in G1 (data not shown).
To test whether inducible depletion of E2F1 in MM cells might affect their ability to form tumors in vivo, we utilized two models: the "early intervention model" where E2F depletion was induced at the time of tumor inoculation, and the "late-intervention model" where E2F depletion was induced after visible detection of tumor. In the early model, all mice injected with scrambled shRNA developed tumor approximately 3 weeks after cell injection. On the other hand, knockdown of E2F1 significantly delayed tumorigenesis in vivo, with only 50% of mice developing tumor 3 weeks from tumor cell injection ( Figure 1F ). The size of these tumors was also significantly smaller than the control mice. In the late-disease model, E2F1 depletion after tumor development significantly inhibited MM tumor growth ( Figure 1G ) with overall improvement in survival ( Figure 1H ). Importantly, the clone with the lowest reduction in E2F1 (pTRIPZ 93) had no significant effect on tumor development and growth as well as survival. We have also confirmed these observations using the U266 MM cell line (Figures S1I-S1K).
To evaluate the clinical significance of E2F, we analyzed its expression in purified myeloma cells from bone-marrow biopsy specimens from 172 newly diagnosed patients. We observed a lower progression-free and overall survival associated with high expression of activating E2F members (Figure 2A ). Moreover, high E2Fs expression correlates with an expressionbased proliferation index predictor of outcome (Hose et al., 2011) (Figure S2A ), suggesting that high E2F demarcates a highly proliferative cohort of disease. Interestingly, the inverse correlation between expression and clinical outcome extended to the dimerization partner DP1 ( Figure 2B ), motivating an exploration of the functional importance and dependency of E2F TFs and their interaction with DP1 in MM cells.
The heterodimerization of E2F-DP1 is essential for both high-affinity DNA binding and efficient transcriptional regulation Girling et al., 1993; Rubin et al., 2005) . A polypeptide corresponding to residues 163-199 of DP1 has been identified to interrupt DP1-E2F interactions and therefore inhibit their transcriptional activity (Bandara et al., 1997) . We used this polypeptide to abrogate E2F1-DP1 binding in MM cells ( Figure  S2E ), which led to inhibition of cell viability in a dose-dependent manner in a panel of MM cell lines, with less significant effect on normal proliferating cell lines and healthy donor PBMC both with and without activation ( Figures 2C and S2G) . The antimyeloma activity of the blocking peptide was confirmed by analysis of DNA synthesis, where a significantly higher IC 50 was indeed observed in normal cell lines as compared to myeloma cell lines ( Figure S2F ).
Importantly, genetic depletion of E2F1 and/or DP1 as well as abrogation of E2F/DP1 binding via blocking peptide was effective against MM cell growth even in the context of human myeloma bone-marrow milieu ( Figures S2B and S2H ), which up-regulates DP1 expression and E2F/DP1 DNA binding activity ( Figures S2C and S2D ). The impact of E2F/DP1 inhibition was confirmed in primary patient MM cells. We show significant inhibition of growth and survival of primary patient MM cells, both with and without the presence of stromal cells, while sparing normal CD138 + plasma cells (NPCs) isolated from bone-marrow aspirate of healthy individuals ( Figures 2D and 2E ). Additionally, we have evaluated the effect of the blocking peptide in primary myeloma cells from 2 patients cultured in the presence of their respective bone-marrow microenvironment using an automated flow cytometry platform for functional drug screening. We observed a significant impact on MM cell viability, while normal bone-marrow cells derived from the same patient resulted less sensitive to the treatment as suggested by EC 50 analysis ( Figure 2F ). Finally, we confirmed caspases activation and induction of apoptosis after treatment with peptide ( Figures S2I-S2J ). Altogether, these data establish a functional E2F dependency in MM cells.
E2F1 and DP1 Co-occupy Active Promoters in MM
To better understand transcriptional influence of E2F on MM cells, we mapped the landscape of E2F genomic occupancy in the MM1.S and U266 MM cell lines. Previously, we and others have characterized the genomic occupancy of numerous transcription and chromatin regulators in the MM1.S system, making it one of the most well-characterized tumor epigenomes (Anders et al., 2014; Lovén et al., 2013) . Integration of E2F1 and DP1 global occupancy into the MM1.S reference epigenome revealed specific co-occupancy of the factors at promoters of active genes marked by H3K4me3, with a strong positive correlation between E2F and RNA Polymerase II (RNA Pol II) levels at transcription start sites ( Figures 3A, 3C , and S3A). In contrast, active enhancers, as defined by promoter distal Mediator (MED1) peaks and marked by H3K27ac (Hnisz et al., 2013; Lovén et al., 2013) , show virtually no E2F binding genome-wide ( Figure 3B ). These trends are highlighted at the promoter-driven MDC1-TUBB and E2F1 loci ( Figures 3C and S3A) , and at the IRF4 proximal super-enhancer and BCL2L1 super-enhancer overlapping loci ( Figures 3D and   S3B ). Notably, the transcriptional co-activator BET bromodomain (BRD4) is associated with both promoters and enhancers. Across the genome, E2F1-DP1 binds at more than half of all active promoters, but only at 10% of active enhancers ( Figures 3E and 3F) . From these data, we conclude that E2F and DP1 are depleted at enhancers and occupy the MM epigenome specifically at the promoters of active genes. Importantly, even enhancers with high CG content (>0.1 CG fraction) exhibit lower E2F occupancy than a matched set of active gene promoter regions ( Figure S3C ). Overall, E2F1 and DP1 exhibit similar ChIP sequencing (ChIP-seq) quality-control metrics ( Figures S3D-S3F ) and highly correlated occupancy patterns ( Figures S3G-S3J ).
Evaluation of high-resolution peak finding data reveal a spatial proximity between E2F1 and DP1 (14 bp median) that is consistent with other dimer-forming TFs (MYC-MAX), and tighter than between E2F1 and other TFs (IRF4) or RNA Pol II and proximal H3K4me3 nucleosomes ( Figure S3K ). These observations are consistent with X-ray crystallography structures of E2F1 and DP1 in complex and suggest that E2F1 and DP1 bind in tandem at promoters across the MM1.S genome (Rubin et al., 2005) .
The co-localization of BET proteins with E2Fs at active promoters suggested a potential overlap in their gene regulatory programs and similar transcriptional consequences of their inhibition. We observe that, unlike other TFs and chromatin regulators that bind both promoters and enhancers, E2F1-DP1 signal is almost exclusively promoter proximal ( Figure  S3L ). Indeed, BET bromodomains, although present at promoters, are disproportionately localized at enhancers and SEs (Lovén et al., 2013) . Likewise, the effects of BET inhibition are most pronounced at these genes. From these observations, we hypothesize, that E2Fs act distinctly at the promoter gene regulatory axis.
To test this hypothesis, we first assembled genome-wide occupancy data for histone modifications, chromatin, and transcription regulators in MM1.S (Lovén et al., 2013) . Using unbiased hierarchical clustering, we organized different factors and/or epigenetic modifications in MM1.S by spatial similarity of binding patterns. From this analysis, we identified two distinct active regulatory axes in MM1.S ( Figure 3G ). The first comprised Mediator, P-TEFb (CDK9), RNA Pol II, BRD4, IRF4, and H3K27ac-factors and/or epigenetic modifications that are found at both promoters and enhancers. The second comprised MYC-MAX, E2F1-DP1, and the transcription start site-specific histone modification H3K4me3. Although MYC is also found at enhancers in MM1.S (Lin et al., 2012) , these data are consistent with MYC and E2F collaborative regulation of E2F target genes at promoters (Chen et al., 2008) and suggest a role for E2F in regulation of MM transcription separable from BETs.
E2F and BET Bromodomains Establish Distinct Oncogenic Regulatory Axes in MM
We next explored the programmatic gene control of the BET and E2F regulatory axes by quantifying the enhancer BRD4 signal and E2F (E2F1 and DP1 combined) promoter signal for all active genes in MM1.S ( Figure 4A ). We found that genes with high enhancer BRD4 signal (BRD4 super enhancer [SE] genes) had limited E2F promoter binding and vice versa confirming that these factors establish distinct target gene programs. At the extremes, we found less than 10% of genes were among the top 500 in BRD4 enhancer signal (i.e., SE regulated) and top 500 E2F promoter signal ( Figure 4B ). Interestingly, these included the histone HIST2H and HIST1H gene clusters that are highly occupied by both BRD4 and E2F.
Genes governed by BRD4 SEs or high E2F exhibited divergent functionality with BRD4 SE-associated genes involved in cell signaling, apoptosis, and hypoxia and E2F-associated genes involved in cell-cycle regulation and canonical E2F-MYC regulation ( Figure 4C ) (Tables S1 and S2 ). Importantly, among BRD4 SE genes were MYC (by virtue of the IgH translocation) and cyclin D2 (CCND2), both activators of E2F ( Figure 4A ). These results were replicated using enhancer histone acetylation (H3K27ac) as a surrogate for enhancer activity in MM1.S and U266 cells ( Figures S4A and S4B ), and also observed in an additional B cell malignancy (diffuse large B cell lymphoma cells) ( Figure S4C ).
Together, these observations suggest BETs and E2F define separate gene regulatory axes that govern distinct biological functions in MM.
We then examined whether the E2F promoter axis defined in MM cell lines exhibits higher activity in patient MM cells. Using RNA sequencing (RNA-seq) data analysis performed on purified CD138 + myeloma cells from 409 newly diagnosed patients and unsupervised hierarchical clustering, we found a positive correlation between expression of E2F1 and top E2F target genes ( Figure S4D ). Moreover, in MM patient cells with elevated E2F expression, we observed increased promoter chromatin accessibility of the top E2F promoter gene regulatory axis as measured by ATAC sequencing (ATAC-seq) (Figures 4D, S3A, and S4E).
Although we observed robust differences in promoter ATAC-seq occupancy at top E2F genes, we also detected changes at super-enhancer regions ( Figures 4E and S4F ). We observed similar standard quality-control metrics ( Figures S4G and S4H ) and equivalent total aligned read GC% between low and high E2F ATAC-seq datasets with the distributions of reads being statistically similar ( Figures S4I-S4L) . We also observed similar QC metrics between ATAC-seq samples and E2F1-DP1 ChIP-seq datasets (Table S3) . We next applied two approaches specifically controlling for batch variability. Using a generalized linear model, we find that of high-confidence ATAC-seq peaks, the top E2F-associated peaks are highly enriched among those statistically gained in E2F high patients (volcano plot; Fisher's exact test p = 3.3 × 10 −06 ) ( Figure 4F ). Additionally, a non-cutoff based leading edge analysis (gene set enrichment analysis [GSEA] ) shows a strong enrichment for top E2F-associated peaks as gained in E2F high patients ( Figure 4G ). This evidence for high E2F binding in patient samples is corroborated by quantitative E2F1 ChIP-qPCR assay in lowand high-E2F1-expressing patient MM cells, where we confirmed a differential degree of E2F1 binding at the tested promoters based on the E2F1 expression levels in the tumor cells ( Figure 4H ).
These data demonstrate that top E2F-associated c/'s-regulatory elements exhibit increased chromatin accessibility in patients with high E2F levels, consistent with our overall model that E2F regulates expression of these genes. As expected, E2F1 and DP1 depletion by shRNA result in selective downregulation of only E2F target genes and not BRD4 SE genes ( Figure S4I ), suggesting selective targeting of this promoter-driven gene-regulatory program.
Significant Myeloma Growth Inhibitory Effects of Dual E2F and BET Inhibition
Prompted by these observations, we explored the ability of promoter modulation (through E2F inhibition) combined with enhancer modulation (through BET inhibition) to produce a more profound effect against MM cell growth and survival. We have used the inducible shE2F1 system characterized in Figure 1 to combine E2F1 depletion with single low-dose of the BET inhibitor JQ1 and assayed cell proliferation 72 hr after JQ1 administration. We observed a significant growth inhibitory effect of dual E2F and BET inhibition compared to individual inhibition in MM1.S and U266 cells ( Figures 5A and S5A ). These data were also confirmed using MM cells with a stable E2F knockdown ( Figure S5B) . RNA-seq analysis shows significant impact of combined E2F and BRD4 perturbation on expression of E2F top genes ( Figure 5B ), suggesting that at low JQ1 doses the addition of E2F1 depletion significantly affects cell viability and downregulates the promoter-controlled gene expression axis.
We next investigated how E2F1 inhibition modulates sensitivity to BET inhibition in vivo in mice subcutaneously inoculated with MM1.S cells harboring scrambled or doxycyclineinducible E2F1 shRNA. E2F1 depletion significantly inhibited MM cell growth compared with scrambled cells, and the antitumor effect was more pronounced upon treatment with JQ1 ( Figure 5C ). This superior anti-MM effect of the dual E2F/BET inhibition was also observed when E2F functional impairment was achieved by using the dimerization inhibiting peptide. While significant effects were not observed in PBMCs, combination with JQ1 displayed synergistic effects against MM growth and survival relative to single-agent treatment ( Figures 5D, S5C , and S5D) including the non-MYC-translocated MM (U266). In these cells, MYC or other upstream regulators of E2F activity are not present in the BET-regulated axis ( Figure S4B ), suggesting a potential increased therapeutic benefit in these patients achieved through direct targeting of E2F. Finally, we have confirmed ex vivo the impact of dual E2F1 and BET inhibition in primary MM cells in the presence of their bone-marrow microenvironment. As seen in Figures 5E and 5F, the effect of E2F/DP1 inhibition was amplified in the presence of JQ1 in CD138 + MM cells, with minimal effects on normal components of the bone marrow. Together these data implicate targeting both E2F and BET bromodomain regulatory axes as a potential therapeutic strategy in MM.
DISCUSSION
Through integrated chromatin and transcriptional studies, we have identified two distinct transcriptional programs in MM cells: a regulatory module, only at active promoters, with E2F-MYC-RNA Pol II-H3K4me3, confirming a very close association between E2F and MYC binding sites and their target genes with MYC as functional collaborator of E2F and Mediator-CDK9-BRD4-IRF4-H3K27ac regulatory axis at both promoters and enhancers. The highly E2F1 bound regions mark genes that are not SE associated, and consequently transcription of genes associated with SE is not perturbed by altered E2F1 and/or DP1-mediated transactivation. E2F1 binding to high GC regions that occur preferentially at promoters is predicted; however, it was previously unknown whether E2F1 binds enhancer regions. Although this is expected given the low GC content (C+G %) of enhancers, it is not obvious. In fact, it is well appreciated that a small subset of super-enhancers occurs at clustered CpG islands (Meng et al., 2014) . Analysis of these regions that are distal to promoters and have high CG content reveal the absence of E2F1-DP1 binding.
These divergent BRD4 enhancer and E2F promoter axes are also observed in another malignancy, diffuse large B cell lymphoma, a tumor model that is sensitive to BRD4 inhibition (Chapuy et al., 2013) and where E2F deregulation is implicated (Monti et al., 2012) . This demonstration of E2F and BET bromodomains each regulating distinct sets of genes with different oncogenic functions may therefore have significant implications for understanding innate oncogenic transforming activities of these factors as well as the therapeutic application of their inhibition.
Among oncogenic TFs commonly dysregulated in cancer, E2Fs are unique as they predominantly drive a limited number of genes through specific proximal transcription start site binding. As these genes tightly couple growth factor stimulation to cell-cycle entry, targeting E2F regulatory axis may present an attractive mechanism to selectively arrest tumor cell proliferation. Indeed, our finding that MM growth is dependent on E2F TFs, with limited effects on growth and viability of normal cells, suggests a higher threshold requirement of E2F activity and/or tumor-specific functions of E2F in MM. Our data show that depletion of either E2F1 or its cofactor, DP1, in MM cells results in cell-cycle arrest and apoptosis. In vivo, stable or inducible E2F1 knockdown had significant effect on tumor development and growth. These murine studies were not intended to address the question about toxicity but the relevance of E2F in supporting the myeloma growth. However, number of previous publications using mice deficient for individual or a combination of E2F genes do not have widespread defects in cell proliferation; on the other hand, E2F transgenic mice develop various tumors (Chen et al., 2009; Kent et al., 2017; Lee et al., 2010; Sharma et al., 2010) , suggesting a differential requirement for E2Fs in the control of cell proliferation in oncogenic compared with normal environments. The observation that depletion of a single E2F family member (E2F1) results in potent anti-proliferative effects suggests the multiple redundancies of the E2F family are not sufficient to restore the necessary E2F activity in these tumor cells.
As E2F family TFs are thought to act as master regulators of cell-cycle progression and proliferation, at first glance, the anti-proliferative effects of E2F1 or DP1 depletion in MM are not entirely unexpected. However, given the ability of normal cells to proliferate in the presence of either E2F1 or DP1 knockdown, our data suggest that E2F may represent a tumor-specific vulnerability in MM, which is validated by our in vivo observations. These results are further corroborated by data from patient samples demonstrating elevated expression of the E2F regulatory axis in patients with high E2F levels and a statistically significant inverse correlation between expression of activating E2F family members and/or DP1 and overall and event-free survival in MM patients. Although it is possible that the poor prognosis observed with high E2F expression may be related with its effect on proliferationrelated genes, it is also likely that this observation may be related with effects of E2F on number of other processes. In our previous study focusing on Sp1, another TF driving proliferation-related genes, its expression did not predict poor survival.
As a cofactor for E2Fs, DP1 has been reported to enhance the oncogenic function of E2F1 and cause transformation of cells indicating a proto-oncogenic potential (Wang et al., 2001 ). However, DP1 has been predominantly described as an E2F partner with limited, if any, direct role in cell biology, and its biological and functional role in a cancer-related disease was previously unknown. Altogether, our data provide interesting information on E2F activity to be further investigated as a possible target in MM. As for many TFs, direct pharmacologic inhibition of E2F remains an elusive challenge in drug discovery (Verdine and Walensky, 2007) . However, E2F is not entirely "undruggable" as reported in recent papers focused on CDK4-6 inhibitor (Teh et al., 2018) . Moreover, we have previously described the perturbation of the transcriptional program under control of the BET bromodomain BRD4 through the inhibitor JQ1 (Delmore et al., 2011) .
The observation that the dependencies between super-enhancer and promoter-driven processes are non-overlapping has significant biological and clinical relevance. We have in fact explored the ability of promoter modulation (through E2F and BET inhibition) combined with enhancer modulation (through BET inhibition) to produce a synergistic effect against MM cell growth and survival. Here, we found that dual targeting of BETs and E2F enhances the anti-myeloma activity observed with either single perturbation in MM cell lines and primary patient cells. Although the dual inhibition leads to greater level of transcriptional inhibition, it is still expected to have a cell-type-and cell-state-specific effects compared to a general transcription inhibitor.
The aim of drug-combination studies is to achieve additive or synergistic therapeutic effects, by using subcytotoxic dosages. Our results show that, at low JQ1 doses, the addition of E2F1 depletion significantly affects cell viability and downregulates the promoter-controlled proliferation gene expression axis. Given emerging data regarding on target toxicity of BET inhibition in the clinic, synergistic strategies targeting non-overlapping dependencies such as E2F provide the opportunity to increase the therapeutic index at lower doses.
In conclusion, we describe a unique non-overlapping control of the transcriptome by promoter-and SE-associated dependencies in MM and suggest their role in maintenance of tumor cell state. These two vulnerabilities can be synergistically targeted, providing rationale for therapeutic translation in MM and other malignancies.
technologies, Carlsbad, CA, United States), 2 mmol/L L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (GIBCO, Life technologies, Carlsbad, CA, United States), with 2.5 ng/mL of IL-6 only in INA-6 cells. Bone marrow mononuclear cells (BMMNCs) and primary MM cells were isolated using Ficoll-Hypaque density gradient sedimentation from BM aspirates MM patients following informed consent and IRB (Dana-Farber Cancer Institute) approval. Peripheral blood mononuclear cells (PBMC) were isolated using FicollHypaque density gradient sedimentation from fresh buffy-coats from healthy donors and activated with 50 units/ml of IL-2.
Mouse Models-All animal experiments were approved by and conform to the relevant regulatory standards of the Institutional Animal Care and Use Committee at the Dana-Farber Cancer Institute. CB-17SCID-mice were subcutaneously injected with 1 × 10 6 MM.1S cells harboring non-targeting, E2F1 or DP1 shRNAs subcutaneously in the right flank in serumfree medium, and tumor growth was monitored with caliper measurements. For inducible knock-down experiment in vivo, scrambled, pTRIPZ 63, pTRIPZ93 and pTRIPZ98 MM1.S cells were inoculated in the right flank in serum-free medium. Induction of viral expression was obtained by treatment with irradiated 0.0625% Doxycycline Diet (Lab Diet) continuously, which provided 1-6 mg of Doxycycline per mouse/per day. Tumors were monitored and measured approximately twice weekly. Statistical significance was determined by Student's t test. Survival of mice was measured by using the Prism GraphPad software (Systat Software, San Jose, CA).
METHOD DETAILS
Cell proliferation, viability and cell cycle assay-MM cell proliferation was measured by 3 (H)thymidine (PerkinElmer, Boston, MA) incorporation assay. Cell viability was analyzed by CellTiter-Glo (CTG) (Promega). Cell cycle was evaluated by flow cytometric analysis following propidium iodide (PI) staining. Study of caspases activity was performed using Caspases 3-7, Caspase 8 and Caspase 9 Glo assay (Promega). Apoptosis was evaluated by flow cytometric analysis following Annexin-V staining. For primary MM cell studies, mononuclear cells that had been fraction separated by Ficoll gradients from the BM aspirates of consenting MM patients (in accordance with the Declaration of Helsinki) were plated at a cell density of 5 × 10 5 cells/mL in RPMI medium with 20% FBS plus the indicated concentrations of E2F/DP1 peptide and JQ1. After 48 hours in culture, cells were stained with anti-CD138-PE (PharMingen), FITC-conjugated annexin V (BioVision) and DAPI, and cell viability was assessed by flow cytometry. Exvitech® automated flow cytometry platform (Vivia biotech, Madrid, Spain) was used to evaluate activity of blocking peptide against primary myeloma cells in their microenvironment, as previously described. Statistical significance was determined by Student's t test. Isobologram analysis was performed using the CalcuSyn software program (Biosoft, Ferguson, MO, and Cambridge, United Kingdom). A combination index (CI) less than 1.0 indicates synergistic activity.
E2F disrupting peptide-The 19-aa sequence is the H2 fragment derived from the DEF box region in DP1 (Bandara et al., 1997) 
: R-R-R-V-Y-D-A-L-N-V-L-M-A-M-N-I-I-S-K
Lentiviral-mediated stable gene knockdown-Hairpin-containing PLKO.1 plasmids were obtained from Sigma Mission. Packaged viral particles were used to infect MM cells using polybrene media (final concentration 8 mg/ml). Infected MM cells were selected by puromycin (0.5 μg/ml) for 48 hr (Sigma, St. Louis, MO), and then left to recover for 24 h. Knockdown efficacy was determined by qRT-PCR or western blotting and cells were used for functional studies as described above.
Inducible gene knockdown-Human TRIPZ E2F1 shRNA vectors were purchased from Thermo Scientific Bio (Tewksbury, MA, United States). shRNA expression was induced by adding 2.5 mg/ml doxycycline to the culturing media. The efficacy of the induction was confirmed by examining the cells microscopically for the presence of TurboRFP and by western blot analysis after 72 h of induction. Functional studies were performed as described above.
Stable overexpression-LentiORF clone of human E2F1 mGFP tagged (NM_005225) was purchased from Origene. MM cells were transduced in polybrene media (final concentration 8 μg/ml) for 8 hours and selected by sorting GFP positive cells.
Quantitative RT-PCR analysis-Expression of human E2F1 and DP1 transcripts were determined using real-time quantitative reverse transcriptase-polymerase chain reaction (qPCR) based on TaqMan fluorescence methodology, following manufacturer protocols (Applied Biosystems, Foster City, CA). Relative expression was calculated using the comparative delta delta (Ct) method.
Western blotting-MM cells were harvested and lysed using RIPA lysis buffer. Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with different E2F1 (Cell Signaling Technology) and Dp1 (Santa Cruz) antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or B-actin were used as loading control (Santa Cruz Biotechnology).
Chromatin immunoprecipitation with massively parallel sequencing from cell lines (ChIP-Seq)-Briefly, 1×108 MM1.S and U266 cells, and 1×106 CD138 + MM cells were cross-linked with 1% formaldehyde for 10 minutes at 37°C. The cross-linked chromatin was then extracted, diluted with lysis buffer, and sheared by sonication. The chromatin was divided into equal samples for immunoprecipitation with specific antibodies. The immunoprecipitates were pelleted by centrifugation and incubated at 65°C to reverse the protein-DNA cross-linking. The DNA was extracted from the elute by the Qiaquick PCR purification kit (QIAGEN). Antibodies used were as follows: E2F1 (Cell Signaling #3742), DP1 (Santa Cruz), immunoglobulin G (negative control) polyclonal antibody (Abcam). In addition, a parallel sample of input DNA from the same cells was sequenced as a control. All samples were initially sequenced to generate a set of raw reads (each read has a length of 36 bp) from Illumina/Solexa GAII system ranging from ≈30 million to ≈100 million reads per sample. After mapping to UCSC Human HG18 assembly, a set of ≈50 million and ≈30 million mapped reads with unique genomic locations were obtained for DP1 and E2F1 respectively in both cell lines. ChIP-Seq quality control analysis is included in SF3D,F.
Chromatin immunoprecipitation followed by qPCR (ChIP-qPCR) in primary MM cells-1×106 CD138 + MM cells were cross-linked with 1% formaldehyde for 10 minutes at 37°C and processed as above. E2F1 ChIP and input DNA were analyzed using SYBR Green real-time PCR analysis (Applied Biosystems). Primers for ChIP-qPCR at given regions are listed in Table S5 .
Patient multiple myeloma ATAC-Seq-10,000 CD138 + multiple myeloma cells were obtained (see above) from 4 patients with prior characterized gene expression levels. Three samples with high levels of E2F expression and two samples with low levels were chosen using the median average expression of E2F1, E2F2, E2F3, and TFDP1. For each sample, 10,000 cells were lysed for 10 minutes at 4°C in lysis buffer 10 mM Tris-HCl pH 7.4,10 mM NaCl, 3 mM MgCl2,0.1% IGEPAL CA-360). After lysis, the pellets were subject to a transposition reaction (37°C, 60 minutes) using the 2× TD buffer and transposase enzyme (Illumina Nextera DNA preparation kit, FC-121-1030). The transposition mixture was purified using a QIAGEN MinElute PCR purification kit. Library amplification was performed using custom Nextera primers and the number of total cycles determined by running a SYBR-dye based qPCR reaction and calculating the cycle number that corresponds to % the maximum. Amplified libraries were purified using a QIAGEN PCR purification kit and sequenced with paired end 75bp reads on an Illumina NextSeq. ATACSeq quality control analysis is included in SF4G-H
QUANTIFICATION AND STATISTICAL ANALYSIS
ChIP-Seq, ATAC-Seq, and RNA-Seq Data analysis
Genomic coordinates and gene annotation: All coordinates in this study were based on human reference genome assembly hg19, GRCh37 (https://www.ncbi.nlm.nih.gov/assembly/ 2758/). Gene annotations were based on Refseq annotation release 19 (https:// www.ncbi.nlm.nih.gov/refseq/).
Calculating read density:
We calculated the normalized read density of a ChIP-Seq dataset in any genomic region using the Bamliquidator (version 1.0) read density calculator (https:// github.com/BradnerLab/pipeline/wiki/bamliquidator). Briefly, ChIP-Seq reads aligning to the region were extended by 200bp and the density of reads per base pair (bp) was calculated. The density of reads in each region was normalized to the total number of million mapped reads producing read density in units of reads per million mapped reads per bp (rpm/bp).
Identifying ChIP-Seq enriched regions:
We used the MACS version 1.4.2 (Model based analysis of ChIP-Seq) peak finding algorithm to identify regions of ChIP-Seq enrichment over background. A p value threshold of enrichment of 1e-9 was used for all datasets. See Table S4 for the GEO accession number and background used for each dataset.
Identifying actively transcribed genes: In MM1.S, U266 and LY1, transcriptionally active genes were defined as those with a RNA Pol II enriched region within ± 1kb of the transcription start site (TSS).
Mapping typical enhancers and super-enhancers: Super-enhancers (SEs) and typical enhancers (TEs) in MM1.S, U266, and LY1 samples were mapped using the ROSE2 software package available at https://github.com/BradnerLab/pipeline and originally described in Brown et al. (2014) . For MM1.S and U266, enhancers were defined in MM1.S using MED1 for Figure 3 to exactly match the original enhancer landscape published in Lovén et al. (2013) . We and others have demonstrated that enhancers and super-enhancers can be mapped using MED1, BRD4, and H3K27ac (Brown et al., 2014; Hnisz et al., 2013; Lovén et al., 2013) . To compare regulatory axes between BRD4 and E2F, we mapped superenhancers in MM1.S using BRD4 (Figure 4) . To enable comparison of enhancers between MM1.S and U266, enhancers and SEs were also mapped using H3K27ac (Figures S4A and  S4B ). Enhancers were also mapped in LY1 DLBCL cells using BRD4 ( Figure S4C ).
To map enhancers using a given factor, we first input a set of enriched regions peaks generated using MACS 1.4.2 (see above). The ROSE2 algorithm first determines an optimal distance to stitch together proximal peaks in order to maximize the number of consolidated regions while minimizing the inclusion of non-enriched genomic regions. After peak stitching, regions are filtered to keep enhancer regions. As enhancer regions can sometimes span the entire gene and/or promoter region, peaks are excluded only if they are contained entirely within the ± 2.5kb region flanking gene TSSs (using Refseq GRCh37 annotation).
Regions are un-stitched if they overlap more than 3 distinct genes to prevent clusters of house-keeping genes from being included in the analysis. For each factor, background subtracted area under curve (in units of total rpm) are calculated for each region, and all regions are ranked by their overall AUC. To determine the cutoff between typical and superenhancers, a graphical approach is used to determine the point at which the rank curve is tangential to a line with a slope of 1.
Creating heatmap and meta representations of ChIP-Seq occupancy: Heatmaps and meta plots of ChIP-Seq occupancy for various factors were created as in Lin et al. (2012) . Heatmaps were created for all active promoters or all active enhancers. Each row plots the ± 5kb region flanking the TSS (for promoters) or the enhancer center. Rows are ranked by peak occupancy of RNA Pol II for promoters or by MED1 occupancy for enhancers.
ChIP-seq and ATAC profiles summary metric: The BAM files were read in R environment by readGAlignments function of GenomicAlignments Bioconductor package. The uniquely mapping reads in the BAM files were filtered by the XS tags. The counts were determined by the summarizeOverlaps function of GenomicAlignments Bioconductor package with mode as IntersectionNotEmpty. BSgenome.Hsapiens.UCSC.hg19 package was used for determining the GC content of the peak region.
Peaks proximity analysis:
The top twenty percent high confidence peaks by auc for every factor were used. The distance was calculated from the summit of the peak of one factor to the summit of the peak of another factor. In case of distance from TSS, the distance was calculated from the summit of the peak to the nearest TSS. The peaks within 1kb were retained. All the RefSeq TSS were used in this analysis.
Clustering of chromatin modifications, regulators, transcription factors, and RNA Pol II in MM1S: To determine similarities of global occupancy patterns for various chromatin associated proteins, we quantified ChIP-Seq signal at the union of all enriched regions for H3K27me3, H3K4me3, H3K27ac, RNA Pol II, CTCF, CDK9, MED1, IRF4, BRD4, MAX, MYC, E2F1, and DP1. ChIP-Seq signal across all regions was median normalized for each factor and the similarity in occupancy was assessed using a Pearson correlation statistic. Factors were clustered based on patterns of similarity using unbiased hierarchical clustering. Figure 3F displays the relationships between factor occupancy patterns.
Determining distributions of distances between peaks:
We sought to quantify the distances between E2F1 and DP1 peaks in comparison to RNA Pol II and H3K4me3. We iterated through all E2F1 peaks in MM1.S and measured the distance to the nearest DP1 peak (within 50kb). We collected similar measurements for E2F1 and DP1 in U266 and for RNA Pol II and H3K4me3 in MM1S. The distributions of peak distances are shown in Figure S3J .
Determining distribution of distances to nearest active promoter: We sought to investigate the proximity of various transcription factors to active gene promoters. For each transcription factor, we measured the distance (within 1mb) to the nearest active TSS (as previously defined). The distribution of distances to the nearest active TSS for various TFs is shown in Figure S3K .
Calculating enhancer signal and promoter E2F signal for all active genes: For all active genes in MM1.S, we quantified the BRD4 enhancer signal as the cumulative area under curve of all enhancers present within 50kb of the TSS. The promoter E2F signal was quantified as the average signal of E2F1 and DP1 ( Figure 4A ). To compare enhancer/ promoter signal between MM1.S and U266, this analysis was repeated on the same set of active genes (genes active in MM1.S) using enhancers defined by H3K27ac in either MM1.S or U266 (Figures S4A and S4B ).
Identifying enriched cancer hallmark gene sets of BRD4 SE associated genes or Top E2F genes: We defined BRD4SE associated genes as those with an SE within 50kb of the TSS. Top E2F genes were defined as the top 500 genes ranked by E2F signal in MM1S. These gene sets (BRD4 SE associated genes, n = 506 &Top E2F genes, n = 500) were queried using the MSigDB (http://software.broadinstitute.org/gsea/msigdb) to identify statistically enriched cancer hallmark gene sets. The top 4 enriched gene sets are shown in Figures 4C and 4D .
Quantifying changes in expression for BRD4 SE associated genes or Top E2F genes: To quantify changes upon JQ1 or E2F perturbation, we accessed JQ1 perturbation expression data from GSE44931 at 6 hours and 24 hours post 500nM treatment collected on Affymetrix Primeview 3′ UTR arrays (GPL16043). For E2F perturbation, we utilized data collected on Affymetrix exon arrays. Probe values were collapsed to common gene name and log 2 expression values versus DMSO (for JQ1) or empty vector (for E2F) were utilized. Boxplots of gene expression values are compared in Figures 4E and S4F . The statistical significance of changes in distributions was assessed using a Welch's two tailed t test.
Quantifying changes in ATAC-Seq promoter accessibility in patient MM with high and low E2F levels: Using ATAC-Seq datasets for patient MM samples with either high or low E2F expression (n of 2 each), we quantified promoter accessibility at Top E2F genes in the ± 1kb TSS region ( Figure S4E ). The statistical significance of changes in distributions was assessed using a Welch's two tailed t test.
Quantifying changes in ATAC-Seq occupancy at individual loci: We first determined high-confidence ATAC-Seq peaks as those present in at least 2 of 4 samples. This resulted in 41,735 peaks in the analysis. Of these, 389 were proximal (+/− 1kb of the TSS) to a MM top E2F as determined by the intersection of the top 500 E2F genes in MM1.S and U266. A generalized linear model was used to normalize dataset variability and a fisher's exact test was used to determine the statistical enrichment of top E2F genes in the set considered gained in E2F high patients (> log 2 fold change and adjusted p value < 0.1) ( Figure 4F ).
Determining leading edge enrichment of top E2F genes: High confidence ATAC-Seq peaks associated with top E2F genes were determine as above. All high confidence ATACSeq peaks were ranked by their average log 2 fold change between E2F high and E2F low patient samples (after normalization of signal using a generalized linear model). Using GSEA (Subramanian et al., 2005) , we determined the leading-edge enrichment score for top E2F genes ( Figure 4G ).
Determining changes in gene expression in MM1.S with shE2F1 ± JQ1: Log2 fold changes in gene expression were calculated for MM1.S cells treated with either Dox, JQ1, or Dox & JQ1 at 48 hours compared to an average of 3 replicate untreated controls (24,48, 72 hours) . The statistical significance of the difference in gene expression values was determined using a two-tailed t test ( Figure 5B ).
DATA AND SOFTWARE AVAILABILITY
Patient multiple myeloma data-Exon-array data from 172 multiple myeloma patient samples used in Figures 2A and 2B can be found in the NCBI GEO repository https:// www.ncbi.nlm.nih.gov/geo/ under accession number GSE39754. An extended cohort of RNA-Seq data used in Figure S4D is currently under preparation (Cleynen et al., 2017) .
E2F perturbation gene expression array data-Gene expression data after E2F depletion can be found in the Harvard Dataverse database using following link https:// dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/E7MAKN.
Multiple myeloma cell line ChIP-Seq-All ChIP-Seq data generated in this publication can be found in the NCBI GEO repository https://www.ncbi.nlm.nih.gov/geo/ under accession number GSE80661. In the early intervention model, a cohort of mice was treated with irradiated 0.0625% doxycycline diet continuously starting 3 days after injection and monitored for tumor progression. Tumors were measured in two perpendicular dimensions using caliper measurements at the indicated time. Each dot in the graph represent a single mouse. (G) In the late-intervention model, mice were treated with irradiated 0.0625% doxycycline diet continuously (1-6 mg of doxycycline per mouse per day) after tumor appearance and monitored for tumor progression using caliper measurements. Data are presented as mean values ± SD (n = 5/group); Student's t test. (H) Survival was evaluated from the first day of tumor appearance until death using the GraphPad analysis software. Survival curves (Kaplan-Meier) show prolongation of survival in mice with E2F1 depletion. Median survival for Scrambled, pTRIPZ93, pTRIPZ98, and pTRIPZ46 was 17, 22, 28, and 32 days, respectively. See also Figure S1 . (A and B) Prognostic relevance of E2F activator members and DP1 expression on progression-free survival (PFS) and overall survival (OS) was investigated using KaplanMeier curves, log-rank tests, and Cox regression models in a dataset of 172 samples from uniformly treated MM patients. Red line indicates patient group with higher expression and shorter survival (4thQ); blue line represents group of patients with lower expression and longer survival (1stQ) whereas green line indicates group of patients with intermediate Figure S2 . Figure S5 .
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